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INTRODUCTION 


In  the  heat  treatment  of  steel  ,  a  fast  quench  rate  -is  often  necessary  to 
produce  the  desired  martensitic  phase  but  can  result  in  cracking  and  undesirable 
stress  states.  This  report  presents  various  measurements  of  residual  stress 
distributions  in  quenched  steel  cylinders.  The  stress  measurements  were  made 
with  plane  shear  ultrasonic  waves  using  the  acoustoelastic  effect  and  with  X-ray 
diffraction  using  single-exposure  and  multiple-exposure  techniques. 

SPECIMEN  PREPARATION 

Residual  stress  measurements  were  made  on  cylindrical  specimens  cut  from  a 
long  hollow  cylinder  of  ASTM  A723  steel  (MIL-S-46119A)  with  an  outer  diameter  of 
239  mm  and  an  inner  diameter  of  94  mm.  Two  different  heat  treatments  were 
chosen.  In  the  first  treatment,  the  entire  cylinder  was  austenitized  at  843°C 
and  quenched  to  93°C  in  12  minutes  using  an  outer-diameter  quench.  A  3-inch 
thick  cylindrical  section  was  cut  from  near  one  end,  1  foot  from  the  end  itself, 
taxing  care  not  to  heat  the  specimen  to  the  point  where  stresses  might  be 
relieved  by  annealing.  Both  faces  of  the  section  were  then  wet-ground,  leaving 
them  parallel  and  2  inches  apart.  The  same  large  cylinder  was  again  austen¬ 
itized  at  843®C,  but  then  quenched  to  93®C  in  25  minutes  using  an  outer-diameter 
quench.  A  2-inch  thick  section  was  taken  from  one  end,  1  foot  from  the  end,  as 
before.  The  faces  were  then  wet-ground,  leaving  them  parallel  and  1.11  inches 
apart.  The  ultrasonic  data  was  taken  after  each  specimen  was  prepared  in  this 
way . 

After  taking  the  ultrasonic  data,  we  prepared  each  specimen  for  X-ray 
diffraction  by  electropoi  ish-f ng  a  portion  of  it',  face,  removing  a  O.i-m'-  i-hick 
layer  of  surface  material  that  might  contain  residual  stress  due  to  machining 
and  grinding. 
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ultrasonic  technique 

Theory 

The  change  in  velocity  of  an  acoustic  wave  in  a  solid  due  to  stress  is 
known  as  the  acoustoelastic  effect.  If  the  relation  between  stress  and  velocity 
is  known,  measurement  of  the  velocity  of  an  acoustic  wave  can,  at  least  in  prin¬ 
ciple,  be  used  to  determine  the  stress. 

Hughes  and  Kelly  (ref  1),  Bach  and  Askegaard  (ref  2),  and  Husson  and  Kino 
(ref  3)  have  derived  expressions  for  the  velocities  of  acoustic  waves  in  homoge¬ 
neously  stressed  solids.  The  velocity,  V,  of  a  plane  shear  wave  propagated 
along  the  l-axis  and  polarized  along  the  2-axis  is  given  by  the  following 
expression,  adapted  from  these  authors: 

pV2  =  p  +  [  (3X  +  2u)d1  ♦  ( 3A  ♦  2p  ♦ 

*  ( rn  -  ^  -  2A  -  (<yl+a2'f<r3  H  di 

Here,  A  and  p  are  the  Lam£  constants  (second-order  elastic  constants),  while  m 
and  n  are  two  of  the  three  Murnaghan  constants  (third-order  elastic  constants). 
PQ  is  the  density  of  the  ur.deformed  medium.  The  cr's  <  -e  the  triax-ial  principal 
stresses  along  the  1-,  2-,  and  3-axes. 

For  the  type  of  steel  encountered  in  our  research,  the  factor 
( m-n/2-2A-nA/2p )  is  essentially  zero  as  shown  by  Frankel  et  al.  (ref  4).  For 
situation:,  where  aj  is  negligible  as  well,  Eq.  (1)  can  be  further  simplified  to 

* 0 . S.  Hughes  and  J.  L.  Kelly,  "Second-Order  Elastic  Deformation  of  Solids," 
Phys.  Rev.,  Vol.  92,  1953,  p.  1145. 

2F.  Bach  and  V.  Askegaard,  "General  Stress-Velocity  Expressions  in 
Acoustoelasticity,"  Exp .  Mech . ,  Vol.  19,  1979,  p.  69. 

3D.  Husson  and  K.  S  Kino,  "A  Perturbation  Theory  for  Acoustoelastic  Effects," 

J.  App 1 .  Phys, ,  Vol.  53,  No.  11,  Pt.  1,  1982,  p.  7250. 

4J.  Frankel,  W.  Scholz,  G.  Capsimalis,  and  W.  Korman,  "Residual  Stress 
Measurement  in  Circular  Steel  Cylinders,"  Proceedings  of  Ultrasonics 
Symposium,  Vol.  2,  1983,  p.  1009. 
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(2) 


AV 

VO 


1  „  3nX  n, 

iiUMul  <3X  * 2w  *  *  2,02 


where  AV/Vq  is  the  relative  change  in  velocity  due  to  the  stress. 

Although  these  solutions  are  derived  for  homogeneous  stress,  they  may  also 
be  used  for  an  inhomogeneous  stress  that  does  not  vary  greatly  over  a  distance 
of  one  wavelength. 

Experimental  Details 

We  measured  shear  wave  velocities  with  a  pulse-echo  technique  using  a 
computer-controlled  phase-detection  system  (Matec  Instruments,  Model  MBS-8000), 
shown  schematically  in  Figure  1.  The  system  uses  phase-detection  methods  that 
involve  interactive  computer  control  of  the  frequency  and  measurement  of  phase 
relationships.  As  indicated  by  the  figure,  the  transducer  converts  an  electri¬ 
cal  pulse  into  a  shear  wave  that  travels  through  the  specimen.  Each  time  an 
echo  strikes  the  front  face,  it  is  converted  into  an  electrical  pulse  that  is 
then  amplified  and  sent  to  a  pair  of  phase  detectors.  From  the  phase  detectors, 
the  computer  receives  signals  proportional  to  the  sine  and  cosine  of  the  echo 
pulse's  phase  with  respect  to  a  reference  wave.  The  computer  can  then  calculate 
the  amplitude  and  phase  of  the  echo  pulse.  Because  the  phase  can  only  be  calcu¬ 
lated  as  an  angle  between  -n  and  +rr ,  the  system  varies  the  frequency  slightly 
and  measures  the  corresponding  phase  shifts  for  one  or  more  echoes.  From  this 
phase  data  we  may  calculate  the  transit  time  of  the  shear  wave  through  the  spec¬ 
imen  and  deduce  its  velocity. 

The  measurement  of  stress,  however,  requires  an  accuracy  that  can  only  be 
achieved  by  measuring  changes  in  transit  time  as  the  system  is  perturbed.  For 
mapping  stress  distributions,  that  perturbation  is  the  relocation  of  the  trans¬ 
ducer  on  the  specimen's  face.  By  measuring  the  phase  shift  due  to  a  change  in 
transducer  position,  the  computer  can  calculate  the  corresponding  time  change. 
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PHASE  SPLITTER 


Figure  1.  Schematic  diagram  of  computer  controlled  phase -detec: t ion  system 
to  measure  ultrasonic  velocities. 


The  system  was  used  with  a  pulse  frequency  of  5  MHz  and  duration  of  several 
microseconds.  A  normal  incidence  shear  wave  transducer  (Panametrics ,  V156) 
introduced  shear  waves  into  the  specimen  and  received  echoes.  The  transducer 
was  acoustically  coupled  to  the  specimen  with  a  viscous  resin  (KB-Aerotech, 
SLC-70)  and  held  in  place  by  hand.  Velocity  variations  were  mapped  at  0.1-inch 
intervals  along  four  radial  directions  as  shown  in  Figure  2.  To  calculate  the 
tangential  (hoop)  component  of  stress  through  Eq.  (2),  we  polarized  the  shear 
wave  tangentially.  To  calculate  the  radial  component,  we  polarized  the  wave 
radial ly . 


Figure  2.  Transducer  positions  on  face  of  specimen. 

X-RAY  DIFFRACTION  TECHNIQUES 
Theory 

In  the  single-exposure  technique,  two  diffraction  patterns  are  obtained 
simultaneously  in  a  single  X-ray  exposure,  as  drawn  in  Figure  3.  The  incident 
X-ray  beam  strikes  the  specimen  at  an  angle  (3  with  the  surface  normal  and  is 
diffracted  by  atoms  in  the  lattice.  In  the  plane  of  the  incident  beam  arid  the 
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surface  normal,  two  diffraction  peaks  are  observed  at  angles  d}  and  <12  with 
respect  to  the  incident  beam.  The  component  of  stress  parallel  to  the  surface 
and  in  the  plane  of  the  incident  beam  and  the  surface  normal  can  then  be  related 
to  the  positions  of  the  diffraction  peaks  with  the  expression  (refs  5,6) 


a 


_ 

Sin1  0q  sin(20) 


(3) 


In  this  equation,  0g  is  the  Bragg  diffraction  angle  for  the  unstrained  material, 
£  is  Young's  modulus,  and  v  is  Poisson's  ratio. 


Figure  3.  Single-exposure  X-ray  diffraction  technique. 

The  multiple-exposure  technique  (refs  5,7),  also  known  as  the  sin0  tech¬ 
nique,  relies  on  the  relation 


sin0 


-’H .  P.  Klug  and  L.  E.  Alexander,  X-Ray  Diffraction  Procedures  for 
Polycrystal 1 ine  and  Amorphous  Materials,  Second  Edition,  John  Wiley  and  Sons, 
New  York,  1974. 

6J.  T.  Norton,  "X-Ray  Stress  Measurement  by  the  Single-Exposure  Technique," 
Advances  in  X-Ray  Analysis,  Vol .  11,  1968,  p.  401. 

^"Residual  Stress  Measurement  by  X-Ray  Diffract  ion, "  SAE  J784a,  Society  of 
Automotive  Engineers,  Inc.,  Warrendale,  PA,  1971. 
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where  is  the  distance  between  diffracting  planes  whose  normal  makes  an  angle 
4 1  to  the  surface  normal;  dg  is  the  distance  between  diffracting  planes  parallel 
to  the  surface.  The  term  (d^-dgj/dg  'is  plotted  for  several  values  of  ti>,  and  a 
is  obtained  from  the  slope  of  the  resulting  line. 

Experimental  Details 

Diffraction  peaks  for  the  single-exposure  technique  were  obtained  and  ana¬ 
lyzed  with  a  Denver  X-ray  Instruments  Model  D-1Q0Q-A  system.  The  system  uses  a 
miniature  x-ray  tube  and  collects  diffraction  peak  profiles  using  two 
Ruud-Barrett  position-sensitive  scintillation  dectectors  (refs  8,9).  Each 
detector  consists  of  a  fiber  optic  bundle  with  its  end  covered  by  a  cadmium- 
zinc-sulfide  scintillation  coating.  The  coating  converts  the  diffracted  X-rays 
to  light  pulses  that  then  travel  along  the  fibers,  are  amplified  by  an  image 
intensifier,  and  directed  to  a  512  photodiode  array.  Each  photodiode  charges  a 
capacitor  to  a  level  proportional  to  the  amount  of  incident  light. 

The  X-ray  tube  used  a  chromium  target  and  a  beryllium  window,  providing 
chromium  Kdj  radiation,  with  a  wavelength  of  2.29  A.  The  system  was  used  with  /3 
at  20  degrees  and  with  the  two  detectors  centered  on  the  211  peak  of  iron  (00 
approximately  equal  to  78  degrees). 

Data  for  the  multiple-exposure  technique  was  taken  using  a  computer- 
controlled  system  based  on  a  Siemens  stress  goniometer  (ref  10),  which  also  used 
chromium  Ka^  radiation  and  scanned  the  211  peak  of  iron. 

0C .  0 .  Ruud , "Position-Sensitive  Detector  Improves  X-Ray  Powder  Diffraction," 
Ind .  Res .  Dev . ,  Vol.  25,  No.  1,  January  1983,  p.  84. 

^C.  0.  Ruud,  P.  S.  OiMascio,  and  D.  J.  Snoha,  "Miniature  Instrument  for 
Residual  Stress  Measurement,"  Advances  in  X-Ray  Analysis,  Vol.  27,  Plenum 
Press,  NY,  1984,  p.  273. 

10G.  P.  Capsimalis,  R.  F.  Haggerty,  and  K.  Loomis,  "Computer  Controlled  x-Ray 
Stress  Analysis  for  Inspection  of  Manufactured  Components,"  Technical  Report 
WVT-TP-77001 ,  Hatervliet  Arsenal,  Watervliet,  NY,  January  1977. 


RESULTS  ANO  DISCUSSION 


The  change  in  shear  wave  velocity  data  was  converted  to  stress  using  a 
simplified  form  of  Eq.  (2), 

o  =  A  (5) 

v0 

where  a  refers  to  the  stress  component  in  the  direction  of  polarization.  For 
the  type  of  steel  used  in  this  study,  it  has  been  found  that  A  =  -2630  MPa  (ref 
4).  Figures  4  and  5  show  the  results  for  the  12-minute  quench  and  26-minute 
quench  specimens.  Both  cases  show  a  compressive  tangential  stress  at  the  outer 
diameter.  The  tangential  stress  becomes  tensile  with  increasing  depth.  In  the 
fast  quench  specimen,  it  again  becomes  compressive  toward  the  inner  diameter. 

The  preliminary  results  of  the  X-ray  diffraction  analysis  show  aualitative 
agreement  with  the  ultrasonic  results.  Figures  6  and  7  show  the  tangential 
stress  distributions  for  the  12-minute  quench  as  obtained  with  the  single¬ 
exposure  and  multiple-exposure  techniques.  Despite  a  high  level  of  scatter  in 
the  data,  one  can  observe  that  the  stress  is  compressive  at  the  outer  diameter, 
changes  to  tensile  with  increasing  depth,  and  again  becomes  compressive  toward 
the  inner  diameter.  The  large  scatter  in  the  data  is  likely  due  to  the  broad¬ 
ness  of  the  diffraction  peaks,  a  direct  result  or  the  high  quench  rate. 
Furthermore,  we  might  expect  the  X-ray  data  to  differ  somewhat  from  the  ultra¬ 
sonic  data  because  the  X-rays  only  penetrate  the  specimen  to  a  depth  of  about  10 
urn.  The  ultrasonic  technique  uses  a  wave  that  travels  through  the  thickness  of 
the  specimen,  averaging  out  velocity  variations  along  the  wave's  path. 

One  problem  with  the  radial  stress  distribution  for  the  slow  quench  tube. 
Figure  5,  is  that  it  shows  a  high  compressive  stress  at  the  outer  diameter,  an 

Frankel ,  W.  Scholz,  G.  Capsimalis,  and  W.  Korman,  "Residual  Stress 
Measurement  in  Circular  Steel  Cylinders,"  Proceedings  of  Ultrasonics 
Symposium,  Vol.  2,  1983,  p.  1009. 
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radial  position  (mm) 


igure  4.  Tangential  (circles)  and  radial  (triangles)  st-ess  for 
12-mmute  quench  specimen  using  ultrasonic  technique. 


stress  (MPa) 


stress  (MPa) 


imen  using 


obvious  impossibility.  A  possible  explanation  is  that  we  are  not  really 
sampling  the  stress  at  the  actual  surface  because  of  the  finite  width  of  the 
transducer. 


One  of  the  major  problems  with  use  of  the  ultrasonic  technique  to  measure 
residual  stress  is  that  a  preferential  alignment  of  grains  results  in  an  elastic 
anisotropy  that  can  cause  velocity  variations  at  least  as  large  as  those  due  to 
applied  or  residual  stress  (ref  11).  Although  the  ultrasonic  technique  is  rela¬ 
tively  fast  and  easy  to  use,  the  possibility  of  velocity  changes  due  to  pre¬ 
ferred  grain  orientation  reduces  our  confidence  in  the  results. 

Future  work  h’vi  concentrate  on  verifying  the  remainder  of  the  ultrasonic 
data  using  X-ray  diffraction  and  on  calculating  theoretical  stress  distributions 
based  on  available  models  of  the  quench  process. 


^D.  I.  Crecraft,  "Ultrasonic  Measurement  of  Stresses,"  Ultrasonics ,  Vol.  6,  No. 
2,  April  196B,  p.  117. 


REFERENCES 


1.  0.  S.  Hughes  and  J.  L .  Kelly,  "Second-Order  Elastic  Deformation  of  SoliJs," 
Phys.  Rev.,  Vol.  92,  1953,  p.  1145. 

2.  F.  Bach  and  V.  Askegaard,  "General  Stress-Velocity  Expressions  in 
Acoustoelasticity,"  Exp.  Mech. ,  Vol.  19,  1979,  p.  69. 

3.  0.  Husson  and  K.  S.  Kino,  "A  Perturbation  Theory  for  Acoustoelastic 
Effects."  J.  Appl ,  Phys.,  Vol.  53,  No.  11,  Pt.  1,  1982,  p.  7250. 

4.  J.  Frankel,  W.  Schoiz,  G.  Capsimalis,  and  W.  Korman,  "Residual  Stress 
Measurement  in  Circular  Steel  Cylinders,"  Prcceedinqs  of  Ultrasonics 
Symposium,  Vol.  2,  1983,  p.  1009. 

5.  H.  P.  Klug  and  l.  E.  Alexander,  X-Ray  Diffraction  Procedures  for 

Pol vcrystall ine  and  Amorphous  Materials,  Second  Edition,  John  Wiley  and 
Sons,  New  York,  1974. 

6.  J,  T.  Norton,  "X-Ray  Stress  Measurement  by  the  Single-Exposure  Technique," 
Advances  in  X-Ray  Analysis,  Vol.  11,  1968,  p.  401. 

7.  "Residual  Stress  Measurement  oy  X-Ray  Diffraction,"  SAE  J784a,  Society 
Automotive  Engineers,  Inc.,  Warrendale,  PA,  1971. 

8.  C.  0.  Ruud,  "Position-Sensitive  Detector  Improves  X-Ray  Powder  Dif fraction, " 
Ind.  Res.  Dev.,  Vol.  25,  No.  1,-  January  1983,  p.  84. 

9.  C.  0.  Ruud,  P.  S.  DiMascio,  and  0.  J.  Snoha,  "Miniature  Instrument  for 
Residual  Stress  Measurement,"  Advances  -in  X-Ray  Analysis,  Vol.  27,  Plenum 
Press,  NY,  1984,  d.  273. 

10.  G.  P.  Capsimalis,  R.  F.  Haggerty,  and  K.  Loomis,  "Computer  Controlled  X-Ray 
Stress  Analysis  for  Inspection  of  Manufactured  Components,"  Technical  Report 
WVT-TR-77001 ,  Watervliet  Arsenal,  Watervliet,  NY,  January  1977. 

11.  0.  I.  Crecraft,  "Ultrasonic  Measurement  of  Stresses,"  Ul trasomcs ,  Vol.  6, 
No.  2,  April  1968,  p.  117. 


14 


TECHNICAL  REPORT  INTERNAL  DISTRIBUTION  LIST 

NO.  OF 
COPIES 

CHIEF,  DEVELOPMENT  ENGINEERING  BRANCH 

ATTN:  SMCAR-CCB-D  1 

-DA  1 

-DC  1 

-DM  1 

-DP  1 

-DR  1 

-DS  {SYSTEMS)  1 

CHIEF,  ENGINEERING  SUPPORT  BRANCH 

ATTN;  SMCAR-CC8-S  1 

-SE  1 

CHIEF,  RESEARCH  BRANCH 

ATTN:  SMCAR-CCB-R  2 

-R  (ELLEN  FOGARTY)  1 

-RA  1 

-RM  1 

-RP  1 

-RT  1 

TECHNICAL  LIBRARY  5 

ATTN:  SMCAR-CCB-TL 

TECHNICAL  PUBLICATIONS  &  EDITING  UNIT  2 

ATTN:  SMCAR-CCB-TL 

DIRECTOR,  OPERATIONS  DIRECTORATE  1 

ATTN :  SMCWV-00 

DIRECTOR,  PROCUREMENT  DIRECTORATE  I 

ATTN:  SMCWV-PP 

DIRECTOR,  PRODUCT  ASSURANCE  DIRECTORATE  1 

ATTN :  SMCWV-QA 


NOTE: 


PLEASE  NOTIFY  DIRECTOR,  BENET  LABORATORIES 
ANY  ADDRESS  CHANGES. 


ATTN: 


SMCAR-CCB-TL,  OF 


TECHNICAL  REPORT  EXTERNAL  DISTRIBUTION  LIST 


NO.  OF 
COPIES 

ASST  SEC  OF  THE  ARMY 

RESEARCH  ANO  DEVELOPMENT 

ATTN:  DEPT  FOR  SCI  AND  TECH  1 

THE  PENTAGON 

WASHINGTON,  O.C.  20310-0103 
ADMINISTRATOR 

DEFENSE  TECHNICAL  INFO  CENTER 
ATTN:  OTIC-FDAC  12 

CAMERON  STATION 
ALEXANDRIA,  VA  22304-6145 

COMMANDER 
US  ARMY  ARDEC 

ATTN:  SMCAR-AEE  1 

SMCAR-AES,  BLOG.  321  1 

SMCAR-AET-O,  BLDG.  351N  1 

SMCAR-CC  1 

SMCAR-CCP-A  1 

SMCAR-FSA  1 

SMCAR-FSM-E  1 

SMCAR-FSS-D,  BLDG.  94  1 

SMCAR-IMI-I  (STINFO)  BLOG.  59  2 

PICATINNY  ARSENAL,  NJ  07806-5000 

OIRECTOR 

US  ARMY  BALLISTIC  RESEARCH  LABORATORY 
ATTN:  SLCBR-OO-T,  BLDG.  305  1 

ABEROEEN  PROVING  GROUNO,  MO  21005-5066 

OIRECTOR 

US  ARMY  MATERIEL  SYSTEMS  ANALYSIS  ACTV 
ATTN :  AMXSY-MP  1 

ABEROEEN  PROVING  GROUNO,  MD  21005-5071 

COMMANDER 
HQ,  AMCCOM 

ATTN:  AMSMC-IMP-L  1 

ROCK  ISLAND,  IL  61299-6000 


NO.  OF 
COPIES 

COMMANDER 

ROCK  ISLAND  ARSENAL 

ATTN:  SMCRI-ENM  1 

ROCK  ISLAND,  IL  61299-5000 

DIRECTOR 

US  ARMY  INDUSTRIAL  BASE  ENGR  ACTV 
ATTN:  AMXIB-P  1 

ROCK  ISLAND,  IL  61299-7260 

COMMANDER 

US  ARMY  TANK-AUTMV  R&O  COMMAND 
ATTN:  AMSTA-DDL  (TECH  LIB)  1 

WARREN,  MI  48397-5000 

COMMANDER 

US  MILITARY  ACADEMY  1 

ATTN:  DEPARTMENT  OF  MECHANICS 
WEST  POINT,  NY  10996-1792 

US  ARMY  MISSILE  COMMAND 
REDSTONE  SCIENTIFIC  INFO  CTR  2 

ATTN:  DOCUMENTS  SECT,  BLDG.  4484 
REDSTONE  ARSENAL,  AL  35898-5241 

COMMANDER 

US  ARMY  FGN  SCIENCE  AND  TECH  CTR 
ATTN :  DRXST-SD  1 

220  7TH  STREET,  N.E. 

CHARLOTTESVILLE,  VA  22901 

COMMANDER 

US  ARMY  LABCOM 

MATERIALS  TECHNOLOGY  LAB 

ATTN:  SLCMT-IML  (TECH  LIB)  2 

WATERTOWN,  MA  02172-0001 


NOTE: 


PLEASE  NOTIFY  COMMANDER,  ARMAMENT  RESEARCH,  DEVELOPMENT,  ANO  ENGINEERING 
CENTER,  US  ARMY  AMCCOM,  ATTN:  BENET  LABORATORIES,  SMCAR-CC8-TL , 
WATERVLIET,  NY  12189-4050,  OF  ANY  ADDRESS  CHANGES. 


TECHNICAL  REPORT  EXTERNAL  DISTRIBUTION  LIST  (CONT'D) 


NO.  OF 
COPIES 

COMMANDER 

US  ARMY  LABCOM,  ISA 

ATTN:  SLCIS-IM-TL  1 

2600  POWOER  MILL  ROAO 
AOELPHI,  MO  20783-1145 

COMMANDER 

US  ARMY  RESEARCH  OFFICE 
ATTN:  CHIEF,  IPO 
P.O.  BOX  12211 
RESEARCH  TRIANGLE  PARK,  NC 

DIRECTOR 

US  NAVAL  RESEARCH  LAB 
ATTN:  MATERIALS  SCI  &  TECH  DIVISION  1 
CODE  26-27  (DOC  LIB)  1 

WASHINGTON,  O.C.  20375 


NO.  OF 
COPIES 

COMMANDER 

AIR  FORCE  ARMAMENT  LABORATORY 
ATTN:  AFATL/MN  1 

EGLIN  AFB,  FL  32542-5434 

COMMANDER 

AIR  FORCE  ARMAMENT  LABORATORY 
ATTN:  AFATL/MNF 

EGLIN  AFB,  FL  32542-5434  1 

METALS  AND  CERAMICS  INFO  CTR 
BATTELLE  COLUMBUS  DIVISION 
505  KING  AVENUE 

COLUMBUS,  OH  43201-2693  1 


1 

27709-2211 


NOTE:  PLEASE  NOTIFY  COMMANOER,  ARMAMENT  RESEARCH,  DEVELOPMENT,  AND  ENGINEERING 

CENTER,  US  ARMY  AMCCOM,  ATTN:  BENET  LABORATORIES,  SMCAR-CCB-TL , 
WATERVLIET,  NY  12189-4050,  OF  ANY  ADDRESS  CHANGES. 


